The intermediate mass Higgs (IMH) can be abundantly produced through the process e − γ → W − Hν at TeV e − γ colliders, which are realized by the laser backscattering method. We search for the signature of W − H → (jj)(bb) plus missing transverse momentum, with and without considering the b-tagging. We also analyse all the potential backgrounds from e − γ → W − Zν, W − W + e − , ZZe − ,tbν and tte − .
I. INTRODUCTION
The symmetry-breaking sector of the standard model (SM) is the most mysterious part of the particle theory. Even for the simplest minimal SM the Higgs boson, which is responsible for the symmetry-breaking, has not yet been found, and there is no theoretical restriction on its mass except the unitarity implies an upper limit of about 1 TeV on its mass. The discovery of the Higgs boson depends on its mass, which determines the decay channel to search for.
For the heavy Higgs (m H > ∼ 2m Z ) we can use the gold-plated channel, H → ZZ → ℓlℓl to identify it at hadronic colliders [1] , and even the four-jet mode of H → ZZ, W W → (jj)(jj)
at e + e − colliders [2, 3] . The present lower bound on m H from LEP is about 52 -53 GeV [4] , which can extend up to 60 GeV in near future. There remains a mass range of 60 to 140 GeV that the Higgs, which predominately decays into bb pair, could be difficult to identify because of large hadronic background at hadronic colliders. Recent studies showed that we can use the rare photonic mode of IMH decaying into γγ to search for the Higgs boson in the direct gg → H [5] production, or in the associated productions with W -boson [6] or tt pair [7] . While at e + e − colliders, we can use the e + e − → ZH → (ff)bb to identify the IMH upto about 90 -95 GeV at LEP II [8] , and the whole intermediate mass range at Next Linear Collider (NLC) [8] .
With the recent discussions of converting the linear e + e − colliders into γγ or eγ colliders by laser back-scattering method, they provide new physics possibilities of detecting and probing the properties of the Higgs boson [9] . With a 0.5 TeV e + e − collider in γγ mode, the Higgs production by photon-photon fusion via a triangular loop of heavy fermions and W -boson can be used to discover a heavy Higgs boson (m H > 2m Z ) [9, 10, 11] . It was shown in Ref. [11] that a heavy Higgs boson of mass up to about 350 GeV should be able to be identified in the decay mode of H → ZZ → qqℓl, which has a sufficiently large branching fraction and is free from the huge γγ → W W background. It was also shown in Ref. [11] that the detectability in general decreases for a higher energy machine. On the other hand, the process γγ → ttH [12] is shown to be better than the corresponding process, e + e − → ttH, in e + e − collider for the measurement of the Yukawa top-Higgs coupling at √ s = 1 − 2 TeV.
Another interesting Higgs production process is eγ → W Hν [13, 14] however, the b-tagging efficiency is so far uncertain. It is then the purpose of this paper to investigate the feasibility of identifying the IMH through the process e − γ → W − Hν at TeV eγ colliders, with and without implementing the b-tagging. The organization is as follows:
we will describe the calculation of the signal and background processes including the photon luminosity function in Sec. II, following which the results will be presented in according to the case of with and without implementing b-tagging in Sec. III. We will then summarize the conclusions and discussions in Sec. IV. We will also give detail formulas for the processes involved in the Appendix A.
II. CALCULATION METHODS

A. Photon luminosities
We use the energy spectrum of the back-scattered photon given by [15] 
where
, and ω 0 is the energy of the incident laser photon. x = ω/E 0 is the fraction of the energy of the incident positron carried by the back-scattered photon, and the maximum value x max is given by
The value for ξ is chosen in such a way that the back-scattered photon will not produce the unwanted e + e − pairs with the incident laser photon. We choose ξ to be 4.8, and so
, and ω 0 = 1.25(0.63) eV for a 0.5(1) TeV e + e − collider. Here we have assumed that the positron and the back-scattered photon beams are unpolarized.
We also assume that, on average, the number of the back-scattered photons produced per positron is 1.
Besides, photon is also known to interact via its quark and gluon constituents [16] . This is referred as a "resolved" photon process. The gluons and quarks are treated as partons inside the photon with the distribution functions P i/γ (x) to describe the probability that the parton i carries a momentum fraction x. What we need is the gluon distribution function to calculate some backgrounds wherever the electron-gluon scattering also contributes in the case of electron-photon scattering. However, the gluon parton distribution function inside photon has large uncertainty because limited experimental data are available. We choose the parameterization of Drees and Grassie (DG) [17] for the photon structure function, a scale Q 2 =ŝ/4 and Λ 4 to be 0.4 GeV for both the photon structure function and α s (evaluated at the second order).
The subprocess cross sectionsσ must be folded with the luminosities to find the total cross sections. In case of electron-photon scattering, the cross section σ is
For the electron-gluon scattering the total cross section is given by
B. eγ → W Hν
The contributing Feynman diagrams are shown in Fig. 1 . This process has been calculated in details in Refs. [13, 14] . For completeness detail formulas for the matrix elements are given in Appendix A. We did an independent calculation that agrees with their results. The gluon parton inside photon does not contribute because the gluon does not couple to either initial or final state particles. For the Higgs in the intermediate mass range the signature, due to the dominate decay of H → bb and the hadronic decay of W , will be [18] . The formulas for the Feynman amplitudes of these processes are presented here again in Appendix A. The W W production starts with a hugh cross section (see Fig. 4 
The contributing Feynman diagrams are shown in Fig. 3(a) . This process was calculated in great details in Ref. [19] . The formulas for the matrix elements are also given in Appendix A. Its cross section is of order 0.02 -0.1 pb for the energy range of √ s e + e − = 0.5 -2 TeV. Thet so produced will decay 100% intobW − so that it can mimic the signal because there are, therefore, a W − and bb pair plus missing energy due to the missing neutrino in the final state. However, the bb pair in this production does not likely form a sharp peak but a continuum background. The feasibility of detecting the bb pair resonance peak from the Higgs decay depends on whether the Higgs peak stands significantly (e.g., S/ √ B > 4) above the continuum, and whether there are enough events under the Higgs-peak. We did an independent calculation, which agree with the results in Ref. [19] , with full spin-correlation in the subsequent decay oft →bW − . Here we used a top-quark mass m t = 150 GeV and a bottom-quark mass m b = 4.5 GeV to illustrate.
The gluon parton inside the photon also contribute via electron-gluon scattering. Using the gluon distribution function described in Sec. II A, the contribution from the electrongluon scattering can be as large as 50% at √ s e + e − = 2 TeV for DG, though it is only about 15% at 1 TeV, and negligible at 0.5 TeV. We will show the contribution from this "resolved" photon process in Fig. 4 and in our final results in the Tables, otherwise this contribution is left out in all the other figures.
The contributing Feynman diagrams are shown in Fig. 3(b) , and the formulas for the helicity amplitudes are given in Appendix A. This is also a potential background when the t andt decay into bW + andbW − respectively, and only one of the W is detected. We assume that the more energetic W is the one detected. In the final state there are therefore a W , bb pair plus missing energy due to the other undetected W and e − . Similar to the previous background, the bb pair from tte − will not form a sharp resonance peak but a continuum. Here we included full spin-correlation in the subsequent decays of t andt, and take m t = 150 GeV. In this calculation we have neglected the contribution from "resolved" photon process, because it needs a rather high energy threshold for producing tt pair, where the gluon luminosity function drops to a small value. Other background arising from the QCD production of four jets are α 2 s suppressed relative to the signal even before imposing the constraint of W or Z mass on the invariant mass of jet pairs, so these QCD backgrounds are negligible.
III. RESULTS
We use the following input parameters: the dependence of the differential cross section dσ/dp T (V V ) on the transverse momentum of the boson-pair at √ s = 1 and 2 TeV. In this figure, we did not include any branching fractions of the bosons. From this figure, we can choose an acceptance cut of
to reduce the W W background. We can also use the central electron vetoing [2, 3] , i.e., rejecting events with electrons detected in the central region,
E(e) > 50 GeV and | cos θ e | < cos(0.15) ,
to further reduce backgrounds that have e − in the final state. Totally a factor of 10 reduction on W W background is achieved by combining the cuts of Eqs. (7) and (8), whereas it has almost no effect on the signal (see Table I ).
Further reduction of backgrounds can be made possible by analyzing the direction of the outgoing boson-pair. We define the direction of the incoming e − beam as the positive z-axis, and so the incoming photon beam as the negative z-axis. We select the W -boson in Therefore, we can reduce backgrounds by requiring the two bosons to come out in opposite hemisphere, i.e.,
We also show the spectrum of cos θ V 1 cos θ V 2 in Fig. 6 (c). Actually, we could have been requiring cos θ V 1 < 0 and cos θ V 2 > 0, i.e., V 1 going out in the "negative" (cos θ < 0) hemisphere and V 2 going out in the "positive" (cos θ > 0) hemisphere. We expect this additional acceptance cut could further reduce backgrounds by a large amount (see Fig. 6 (a) and (b)).
However, there are uncertainties in determining which boson is V 1 or V 2 experimentally in the case of no b-tagging, and in the case of the backgrounds from ZZ and W W , plus the situation when m H overlaps with m Z or m W then we could not determine which jet pair forms V 1 or V 2 . Therefore, we only employ the cut in Eq. (9) in the angular distributions of V 1 and V 2 so that we are safe from the above uncertainties. We can see from Table I that the cut of Eq. (9) actually cuts more on W W , ZZ,tbν and tte − than on the W H and W Z.
We summarize in Table I the effectiveness of various combinations of cuts of Eq. (7), (8) and (9) . After all these cuts, we can proceed to look at the invariant mass spectrum of the two jets that comes from the decay of the Higgs-boson or V 2 .
For the following we will consider two extreme cases: (a) with 100% efficient b-tagging and (b) without b-tagging. In the real experiment the situation will be in between these two extreme cases. For 100% efficient b-tagging the W W e − background drops because we can require a bb pair in the final state and the decay of W W pair into bb pair is strongly suppressed by the Cabbibo mixing. Nevertheless, for the case of no b-tagging we have to consider all the backgrounds.
A. With 100% efficient b-tagging
Since the IMH predominately decays into bb pair (≈ 0.8-0.9) whereas the Z boson decay only 15% into bb (but about 70% into jets), therefore b-tagging can reduce the W Z and ZZ backgrounds by a factor of four to five. Note that eγ → e − bbZ is an order α w suppressed.
As mentioned above, the W W background is reducible with 100% b-tagging. The invariant mass m(bb) spectra for the signal and various backgrounds are shown in Fig. 7 for √ s e + e − = 1 and 2 TeV, in which the branching fractions of V 1 → jj and V 2 → bb are included. We use the B(Z, W → jj) ≃ 0.7, B(Z → bb) = 0.15 and the B(H → bb) from Ref. [2] . As expected the bb pair from btν and tte − productions form continuum spectra, while those from W Zν, ZZe − and W Hν form discrete sharp peaks. These peaks, in collider experiments, actually spread out due to the resolution of the detector, though the Higgs width is very narrow for the intermediate mass range that we are considering. We assume the peaks spread out uniformly over a range of ±5 GeV about the central values (m Z , m W or m H ). We also assume that the Higgs peak is isolated if it is 10 GeV or more away from the Z-mass. In this case, the signal S is simply the cross section under the isolated peak, and the background B is the continuum background with m(bb) falling in between m H ± 5 GeV. On the other hand, if |m H − m Z | < 10 GeV the Higgs and Z peaks are overlapping. In this case, we have to include the whole or part of the Z-peak into the background B. Naively, we can take a linear fraction of the Z-peak
plus the continuum in between m H ± 5 GeV as the total background B.
In Fig. 7 , the continuum backgrounds fromtbν and tte − are rather flat, and far below the Higgs or Z peak. In this figure we show the Higgs-peak for m H = 100 GeV, which is already slightly higher than the Z-peak. So we expect when the m H goes down to 60 GeV (LEP limit) the Higgs peak will become higher because of the increase in both σ(eγ → W Hν)
and B(H → bb) as m H decreases. Hence, we expect the discovery of the Higgs even with m H ≃ m Z to be viable by employing the b-tagging. On the other hand, when m H increases from 100 GeV the Higgs peak will decrease because of the decrease in both σ(eγ → W Hν) and B(H → bb); especially after m H = 140 GeV, the B(H → bb) drops sharply. Fortunately, at this range m H > ∼ 100 GeV the Higgs peak should be far away enough from the Z-peak, and the continuum backgrounds are far below. Therefore, the discovery of the Higgs depends only on the actual number of events under the Higgs peak. In Table II , we show the crosssections in femtobarn for the signal S, various backgrounds, total background B and the corresponding significance S/ √ B of the signal, for various values of m H from 60 -160 GeV at √ s e + e − = 1(2) TeV, with an assumed integrated luminosity of 10 fb −1 . We assume a signal of 6 or more events with a significance greater than 4 for the discovery of an isolated Higgspeak; whereas in the case of overlapping Higgs-peak we require S ≥ 10 with S/ √ B > 6 for discovery. With this criterion the Higgs boson can be discovered for m H = 60 to 150 GeV and marginally up to 160 GeV (see Table II ) in bb decay mode, providing 100% efficient
The signal for m H ≃ m Z is slightly larger than the background, so with sufficient number of signal events the Higgs discovery at the Z-peak should be viable without knowing exactly the absolute normalization of the Z-peak. For those Higgs-masses away from the Z-mass the continuum background is so small that the actual number of signal events,which is the most important factor for Higgs discovery, is large enough upto m H = 150 GeV. But as m H increases from 150 GeV, the B(H → bb) goes down sharply from 18% to 3.7% at m H = 160 GeV, and the number of signal events become marginal for discovery. Especially after m H = 160 GeV, there are too few signal events for discovery So far we have assumed 100% acceptance and detection efficiencies for the jets decayed from the boson-pair. If we take into account the overall acceptance and detection efficiencies, say 25% overall, the number of signal and background events will decrease to 25%, and the significance S/ √ B will be halved. Even that we still have sufficient number of signal events and large enough S/ √ B to cover the whole range of m H = 60 − 150 GeV, including
B. Without b-tagging
If without b-tagging there are several combinations of the four jets in the final state. One way to select the events is to pick out those that have two of the four jets reconstructed at the W -mass (Z-mass for ZZ, but it is negligible), then take the other two jets for considering the Higgs bosons. We assume this reconstruction can select the signal and the relevant background events very efficiently. We plot the spectrum of invariant mass of the third and fourth jets in Fig. 8 . We can see that (i)the backgrounds from W Z, W W , after picking out the W (either Z for ZZ), form discrete peaks at either W or Z mass;
(ii)the background from btν → bbW − ν, after picking out the W , the remaining bb can only form a continuum;
(iii)for the tte − → bbW W e − , after picking out the more energetic W , we assume that we did not pick out the jet-pair from the other W . Therefore, the other two jets (from bb)
forms a continuum invariant-mass spectrum. Here we assumed this procedure is valid for our analysis, though experimentally we might pick out any two of the remaining four jets, or we might have picked out more than two parton-jets when they are close to one another;
(iv)for the signal, after picking out the W , the bb will form a discrete peak at m H .
The continuum backgrounds are rather flat, and far below the W , Z and Higgs peaks.
So when the Higgs-peak is isolated it should be able to be discovered, provided that it has sufficient number of events under the peak. In this figure we show the Higgs peak for m H = 100 GeV, and the Z-peak is about four times and the W -peak is eight times as high as the Higgs-peak. The Higgs peak, for the same reason mentioned in the last subsection, will become higher when m H decreases, and smaller when m H increases. Here we also have the cases whether the Higgs peak overlaps with the Z/W -peak or the Higgs peak is isolated.
We take the same treatment as in the last subsection for the signal S and background B, but here we used the branching fractions of V 1 → jj and V 2 → jj, and present the results in Table III . We assume a signal rate of 6 or more events with significance greater than 4 for the discovery of an isolated Higgs-peak; when the Higgs-peak overlaps with the W or Z-peak, absolute normalization of the W or Z-peak is important that we require more signal events ( > ∼ 10) with larger significance ( > ∼ 6) for the Higgs discovery in order to change the absolute normalization of the W or Z-peak by a significant amount. With this criterion, from of the W -and Z-peak respectively (see Table III ), but there are still sufficient number of signal events to affect the absolute normalization of the W and Z peaks. When the Higgs peak is isolated from the W or Z peak, the Higgs discovery, which only depends on the actual number of signal events, should be viable up to about m H = 150 GeV. However, as m H increases from 150 GeV, the B(H → jj) drops very sharply, therefore the number of signal events becomes marginal for discovery, and after 160 GeV there are too few signal events.
Here we can also estimate the effect of overall acceptance and detection efficiencies of jets, say 25% overall. We should still have sufficient number of signal events and large enough significance to cover the whole range of 60 -150 GeV, except for m H right at m W where the significance goes down below 6 to 3.8 (5.5) at √ s = 1(2) TeV, and for m H = m Z where the significance goes down to 5.5 at √ s = 1 TeV. The first exception should be cleaned up because m H ≃ m W will be covered with ease at LEPII. The second exception is only slightly below our requirement of 6, so a slight increase in overall efficiency or √ s can solve.
IV. CONCLUSIONS AND DISCUSSIONS
(i) We have done a signal-background analysis of the IMH search via the channel e − γ → W − Hν → (jj)(bb)ν with and without considering b-identification, in a TeV e − γ collider, in which the photon beam is realized by the laser back-scattering method. The continuum backgrounds come from e − γ →tbν → bbν and tte − → bbW W e − , while the discrete backgrounds come from e − γ → W − Zν, W W e − and ZZe − . We showed the results at both 1 and 2 TeV e + e − machines, between which the W Hν production is large enough for IMH discovery. However, at 0.5 TeV the W Hν production is too small for any realistic Higgs search.
(ii) With 100% b-identification the discovery of Higgs for the whole range of m H = 60 − 150 GeV (marginally upto 160 GeV) should be viable at both √ s e + e − = 1 and 2 TeV.
With m H ≃ m Z , since the signal is slightly larger than the background, the exact absolute normalization of the Z-peak is not important.
(iii) Without b-identification the whole range of m H = 60 − 150 GeV (marginally upto 160 GeV) should be covered at both energies. With m H ≃ m W or m Z the background is several times larger, therefore absolute normalization of the W and Z peaks is important.
Fortunately, there are sufficient number of signal events to affect the absolute normalization.
(iv) All the cross-sections in the Tables are assuming that the jets are recognized with 100% efficiency. We also tried to estimate the effect of 25% overall acceptance and detection efficiencies. In this case, the signal and background events go down to 25%, and the significance S/ √ B is halved. As mentioned in previous section, even with this overall efficiencies, the whole range of m H = 60 − 150 GeV should be covered for both cases: with and without considering b-identification.
(v) In the real collider experiment, the b-identification efficiency will be somewhere between our two extreme cases. Therefore, we expect the Higgs discovery should be viable for the whole range of m H = 60 − 150 GeV between √ s e + e − = 1 and 2 TeV inclusively, provided that the absolute normalization of the W and Z peak is known to a certain accuracy.
At √ s e + e − = 2 TeV, the search for the IMH is actually doing a little better, though not much, than that at 1 TeV because it has about twice the signal, but also twice the discrete backgrounds, and slightly less continuum background.
(v) In estimating the continuum background we take the invariant-mass m(bb) or m(jj) in the interval m H ±5 GeV. Due to limitations of the detector we may not able to achieve this resolution, then we have to relax this stringent requirement by some extent. For example, if we take m H ± 10 GeV, which is quite conservative, the background coming from the continuum increases by a factor of 2, because the continuum background is rather flat (see Figs. 7 and 8) . In this case, the significance of the isolated Higgs-signal is reduced by √ 2.
From Tables II and III we can see that even though the significance of the signal (away from the W or Z-peak) is reduced by such factor, it is still large enough for Higgs discovery.
(vi) In calculating the contribution from the resolved photon processes, we used the DG parameterization [17] for the photon structure function. DG has a relatively soft gluon spectrum. If we choose LAC3 [20] parameterization, which has a relatively harder gluon spectrum, the contribution from resolved photon process is expected to increase by a factor of 2 -3. Even that the continuum is still far below the Higgs-signal peak (see Figs. 7 and 8) , so this will not affect our conclusions.
(vii) the effective eγ luminosity might be less than the original electron-positron luminosity [15] . This fact will reduce our signal and backgrounds by the same amount, but will reduce the significance of the signal, thus making the discovery of Higgs boson more difficult.
However, this channel is still useful because in the future there are likely improvements in the machine design that can optimize the effective luminosity.
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Here Q f and T 3f are the electric charge (in units of the positron charge) and the third component of weak isospin of the fermion f , g is the SU(2) gauge coupling, and g Z = g/ cos θ w , x w = sin 2 θ w , with θ w being the weak mixing angle in the Standard Model. Dots between 4-vectors denote scalar products and g αβ is the Minkowskian metric tensor with g 00 = −g 11 = −g 22 = −g 33 = 1; ξ is a gauge-fixing parameter.
In Figs. 1 and 2 , the momentum-labels p i denote the momenta flowing along the corresponding fermion lines in the direction of the arrows. We shall denote the associated spinors by the symbols u(p i ) andū(p i ) for the incoming and outgoing arrows, which is usual for the annihilation and creation of fermions, respectively. In Fig. 3 there is also creation of anti-fermion (corresponding to an incoming arrow labeled by negative momentum −p i ), we shall denote its associated spinor by v(p i ).
The contributing Feynman diagrams for e Fig. 1 . We define a shorthand notation
then the helicity amplitudes are given by
The contributing Feynman diagrams for e Fig. 2(a) . We define a shorthand notation
then the helicity amplitudes are given by Fig. 2(b) . We can also define a shorthand notation
The diagrams for the "resolved" photon process e − g →tbν are the same as diagrams (a) and (b) in Fig. 3(a) , with the photon replaced by the gluon. The helicity amplitudes are the same except with the coupling g γ replaced by g s , and a different color factor. The color factor to multiply the matrix element squared is 3 and 1/2 for the eγ and the resolved process, respectively.
6. e − γ → tte −
The contributing Feynman diagrams for e − (p 1 )γ(p 2 ) →t(k 1 )t(k 2 )e − (q 1 ) are shown in Fig. 3(b) . We also define the shorthand notations:
These matrix elements are to be squared, summed over polarizations and spins of the final state gauge-bosons and fermions respectively, and then averaged over the polarizations of the incoming photon and spins of the initial state electron. Then the cross section σ is obtained by folding the subprocess cross-sectionσ in with the photon luminosity function as
whereσ
and M final is the sum of the masses of the final state particles. (7), (8) and (9) 
TABLES
(c) Eqs. (7) and (8) 
